Abstract. Semaphorins are a family of secreted and membranebound proteins known as axonal pathfinders. Sema4A, a member of class 4 semaphorins, induces growth cone collapse of hippocampal neurons. The binding of Sema4A to growth cones indicates the presence of receptors transmitting signals through the intracellular effectors to induce growth cone collapse in hippocampal neurons. Transfection experiments of the candidate receptor genes into COS-7 cells demonstrated that Sema4A binds to axonal guidance receptors Plexin-B1, -B2 and -B3. To identify the functional Sema4A receptor and the signal transduction machinery, COS-7 cell contraction assay was performed, in which intracellular signal transmission induced by Sema4A triggered cell contraction. Expression vectors encoding plexins and Rnd1, a Rho family GTPase, were transfected into COS-7 cells, and a proportion of contracted cells among the transfectants was determined after incubation with Sema4A. The results demonstrated that the combination of Rnd1 and Plexin-B1, -B2 or -B3 induced significant cell contraction, indicating that B-type plexins transmit an intracellular signal of Sema4A through Rnd1. To further study the mechanism of B-type plexin-mediated signaling in Sema4A-induced growth cone collapse, mouse hippocampal neurons transfected with a control or expression plasmid encoding a constitutively active mutant of R-Ras (R-RasQL) were stimulated with Sema4A, followed by the assessment of growth cone collapse. Expression of R-RasQL significantly blocked Sema4A-induced growth cone collapse in the hippocampal neurons compared with the control plasmid. Sema4A thus induces growth cone collapse through the down-regulation of R-Ras activity in mouse hippocampal neurons.
Introduction
Semaphorins compose a large family of phylogenetically conserved soluble and transmembrane molecules, which are further divided into eight classes (1) . Semaphorins were originally identified as repulsive axonal guidance cues which induce growth cone collapse in developing neurons (2) (3) (4) . Later studies have revealed their widespread roles in a variety of developmental and pathological conditions (5, 6) . Sema4D, a member of class 4 semaphorins, has facilitated our understanding of how semaphorins regulate axonal repulsion through cytoskeletal changes (7) (8) (9) (10) . Sema4D, also known as CD100, induces repulsive changes including growth cone collapse in cultured hippocampal neurons and retinal ganglion cells (7) . For the repulsion, Sema4D binds to Plexin-B1, a member of the plexins that are the predominant family of semaphorin receptors (7) . Both Sema4D and Plexin-B1 contain a distinctively conserved ~400 amino acid Sema domain that features a seven-blade ß-propeller fold in their extracellular domain (1, 3) and they interact with each other through their respective Sema domain (5) . In the intracellular region at the C terminus, Plexin-B1 has two GTPase activating protein (GAP) domains separated by a GTPase binding domain and a PDZ-binding site (5, 7, 8) . Binding of Sema4D to Plexin-B1 induces clustering of Plexin-B1 leading to the activation of the GAP domains, which is facilitated by an active GTPase Rnd1-dependent relief of the GAP domain interaction (8) . The GAP activity of Plexin-B1 promotes the conversion of GTP-bound (active) R-Ras to GDP-bound (inactive) R-Ras, resulting in the downregulation of R-Ras activity. This in turn downregulates integrin-based cell adhesion to the extracellular matrix, thus leading to growth cone collapse in cultured hippocampal neurons (8) . Plexin-B1 also allows intracellular RhoA-specific guanine nucleotide exchange factors (GEFs), PDZ-RhoGEF and leukemia-associated RhoGEF (LARG), to bind to the PDZ-binding motif at the C terminus of Plexin-B1 (7). Sema4D binding to Plexin-B1 stimulates the GEF activities of PDZ-RhoGEF and LARG, promoting the conversion of the GDP-bound form of RhoA, a member of Rho GTPases crucial for the regulation of actin and microtubule dynamics (7) , to the GTP-bound form. The increase in the GTP-bound forms of RhoA enhances actomyosin contractility through Rho kinase activation and myosin light chain phosphorylation, thereby leading to growth cone collapse of hippocampal neurons (5, 7) . Both the R-Ras GAP activity and PDZ-RhoGEF-mediated RhoA activation by plexin-B1 are necessary for the Sema4D-induced growth cone collapse in cultured hippocampal neurons (7, 8) .
In mouse, the expression of Sema4A, another class 4 semaphorin originally identified as semB, gradually increases during embryonic development (11) and becomes prominent in the adult brain, spleen, lung, kidney, testis and mammary gland (12) . Sema4A expressed in dendritic cells and B-cells enhances the activation of T-cells and the generation of antigenspecific T-cells by virtue of the interaction with the Sema4A receptor, Tim-2, a member of the T-cell immunoglobulin domain and mucin domain (Tim) proteins expressed on activated T-cells (12) . Our previous study showed that recombinant Sema4A induces growth cone collapse in mouse hippocampal neurons (13) . The binding of Sema4A to the growth cones indicated the presence of a specific receptor transmitting Sema4A signal via the intracellular effectors to induce growth cone collapse in the neurons (13) . In the current study, to identify the functional Sema4A receptor and the signal transduction machinery, we first performed COS-7 cell contraction assay, in which Sema4A-induced intracellular signaling triggered cell contraction (14) . The assay was performed to examine whether one of the B-type plexins (Plexin-B1, -B2 or -B3) and Rnd1, a small GTP-binding protein of the Rho family, constituted a signal transduction machinery of Sema4A. Using primary hippocampal neurons, we also investigated whether the intrinsic guanosine triphosphatase (GTPase) activity of R-Ras, a member of the Ras superfamily of small GTP-binding proteins, is regulated in Sema4A-induced growth cone collapse in mouse hippocampal neurons.
Materials and methods
Expression plasmids and antibodies. Expression plasmids encoding hemagglutinin (HA)-and GFP-tagged Rnd1, Myctagged Plexin-B1, -C1 and HA-tagged R-Ras-QL (Q87L) were generously provided by Dr M. Negishi, Kyoto University, Japan (8) . Expression plasmids encoding VSV-G-tagged Plexin-B2, -B3 and -D1 were generous gifts from Dr L. Tamagnone, University of Torino, Italy. The following antibodies were used in this study: mouse monoclonal antibody against Myc (Santa Cruz Biotechnology, Santa Cruz, CA), a rat monoclonal antibody against HA (Roche, Mannheim, Germany), a mouse monoclonal antibody against VSV-G (Roche), a mouse monoclonal antibody against GFP conjugated to Alexa 594 (Molecular Probes, Eugene, OR), and secondary antibodies conjugated to Alexa 594 (Molecular Probes).
Production of Sema4A-Fc. Recombinant soluble mouse Sema4A protein comprising the putative extracellular region fused to the human immunoglobulin-Á1 (IgG1) Fc fragment (Sema4A-Fc) was prepared as previously described (12) . Cell culture and transfection. COS-7 cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 4 mM glutamine, 100 units/ml penicillin, and 0.2 mg/ml streptomycin at 37˚C in a humidified 5% CO 2 /95% air incubator. COS-7 cells were transiently transfected with one or a combination of expression plasmids in lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Primary hippocampal neurons were isolated from embryos from pregnant mice at embryonic day 17 and cultured on glass coverslips in 24-well plates as described previously (15, 16) except for the use of the Sumilon Nerve-Cell Culture System (Sumitomo Bakelite, Tokyo, Japan). Primary hippocampal neurons on glass coverslips were transfected with Lipofectamine 2000 containing expression plasmids after 12 h in culture.
Growth cone collapse. Hippocampal neurons cultured from E17 mouse embryos for 1.5 days were treated with Sema4A-Fc (10 μg/ml) or its vehicle, for 1 h at 37˚C. Neurons were fixed with 4% paraformaldehyde and processed for immunocytochemistry. FITC-labeled Phalloidin (Sigma, St. Louis, MO, USA) was used to detect actin filaments in growth cones. Neurons were scored for the presence of growth cones. Growth cones with round-tipped or pencil-like appearance represented the collapsed form (17, 18) . Data were expressed as a percentage of collapsed growth cones out of the total number of growth cones, and the mean values were calculated from four separate experiments.
COS-7 cell binding and contraction assay. COS-7 cells (1x10
4 cells) were seeded onto round 10-mm glass coverslips coated with lysine/laminin and transfected with expression plasmids encoding mouse and human Plexin-B1, -B2, -B3, -C1, -D1, Tim-2 and/or Rnd1. After transfection (24 h), COS-7 cells were incubated with recombinant Sema4A fused with heat stable alkaline phosphatase (Sema4A-AP) for 90 min at room temperature. Cells were postfixed for 30 sec in a buffer containing 60% acetone, 3% formaldehyde, and 20 mM HEPES (pH 7.5), followed by heating at 65˚C for 20 min to inactivate endogenous alkaline phosphatase. The binding of Sema4A to COS-7 cells was visualized by reaction with NBT/BCIP (19) . For COS-7 cell contraction assay, COS-7 cells transiently transfected with individual plasmids were treated 24 h after the transfection with Sema4A-Fc (10 μg/ml) or its vehicle for 5 min at 37˚C. The size of transfected cells was visualized using a fluorescence microscope and their images were captured with a digital camera (HV-C20S; Nikon, Tokyo, Japan).
Statistics. All data represent means ±SEM. Statistical significance was determined by analysis of variance, and p<0.05 was considered as a minimal level of significance.
Results

Sema4A binds to B-type plexins.
To examine which guidance receptors Sema4A binds to, binding assays with COS-7 cells expressing candidate receptors were performed using recombinant Sema4A fused to heat stable alkaline phosphatase. As shown in Fig. 1 , the assay revealed the binding of Sema4A to COS-7 cells expressing one of the B-type plexins (Plexin-B1, -B2, or -B3). Recombinant Sema4A did not exhibit significant binding to COS-7 cells expressing either the control vector or Plexin-C1 (Fig. 1) . Thus, the binding assays showed that Sema4A interacts specifically with B-type plexins.
Sema4A uses B-type plexins and Rnd family GTPase, Rnd1
, to induce cell contraction. To identify functional Sema4A receptor and the signal transduction machinery, COS-7 cell contraction assay was performed, in which Sema4A-induced intracellular signal transmission leads to cell contraction (14) . Sema4A did not induce any morphological changes in COS-7 cells expressing Plexin-B1 alone ( Fig. 2A) . However, COS-7 cells expressing both Plexin-B1 and Rnd1 showed significant contraction of the cell body ( Fig. 2A) . Quantitative analysis of the COS-7 cell contraction was performed to obtain the percentage of cells showing contraction out of the total number of the transfected cells. The results showed that cells coexpressing Plexin-B1 and Rnd1 exhibited significantly higher collapses than cells transfected with the control plasmid (Fig. 2B) . The assay also revealed that Sema4A induced significant contraction of COS-7 cells expressing both Plexin-B2 and Rnd1 (Fig. 2B) as well as Plexin-B3 and Rnd1 (Fig. 2B) .
Involvement of R-Ras in the Sema4A-induced growth cone
collapse. Downregulation of R-Ras activity by a Plexin-B1-Rnd1 complex is integral to the growth cone collapse in hippocampal neurons induced by Sema4D, another class 4 semaphorin (8) . To examine whether the downregulation of R-Ras activity is also involved in Sema4A-induced growth cone collapse in hippocampal neurons, mouse hippocampal neurons expressing a constitutively active mutant of R-Ras (R-RasQL) were treated with Sema4A, and growth cone morphology was analyzed by immunofluorescence methods. Sema4A induced growth cone collapse in primary hippocampal neurons expressing the control vector (Fig. 3A-a and -c) . In contrast, hippocampal neurons expressing R-RasQL did not exhibit growth cone collapse in response to Sema4A (Fig. 3A-b  and -d) . Quantitative assay measuring the percentage of the transfected neurons with collapsed growth cones out of the total number of the transfected cells clearly showed that the overexpression of R-RasQL significantly blocked the Sema4A-induced growth cone collapse in the primary hippocampal neurons compared with the overexpression of the control plasmid (Fig. 3B ).
Discussion
Our molecular and cellular analyses have revealed that Sema4A induces B-type plexin-mediated collapse of COS-7 cells through Rnd1 and growth cone collapse of mouse hippocampal neurons through the downregulation of R-Ras activity. Our findings suggest the crucial involvements of Sema4A in the neurodevelopmental processes via the activation of B-type plexin-mediated signaling.
The binding of Sema4A to B-type plexins in this study is consistent with the recent finding that showed the binding of 125 I-labeled Sema4A to the membranes of cells expressing one of B-type plexins or Plexin-D1 (20) . In the vascular system, Sema4A binds to Plexin-D1 expressed on the endothelial cells and mediates antiangiogenic activity (20) . In the immune system, Sema4A binds to Tim-2 on T-cells, leading to the activation of their proliferation and differentiation (12) . Induction of Plexin-D1 expression allows Sema4A to reduce cell adhesion to fibronectin and collagen type 4, but not to poly-D-lysine and laminin (20) . Another study reported that Sema4C, another member of class 4 semaphorins, weakly enhanced adhesion of granule cell populations to laminin, but not to poly-L-lysine or fibronectin (21) . In our experimental conditions using lysine/laminin coated glass coverslips as matrices, the binding of Sema4A was observed only to B-type plexins but not to either Plexin-C1 or -D1. This may indicate that both the binding of semaphorins to plexin receptors and the physiological effects of semaphorin-plexin interaction vary depending on the context generated by the combination of various cell types and extracellular matrices.
In our COS-7 cell contraction assay, Sema4A induced significant contraction of COS-7 cells coexpressing Rnd1 and one of the B-type plexins. Plexin-B1 functions as a molecule with R-Ras GAP activity (8) , and other B-type plexins are also believed to have R-Ras GAP activities (5) . It is necessary for Rnd1 to bind to plexin-B proteins to induce their R-Ras GAP activity inside cells (8, 22) . Our experimental results showed that, upon binding to plexin-B proteins expressed on the COS-7 cell membranes, Sema4A signaled cells to induce morphological changes, that is, cell contraction, through Rnd1.
In our experiments to explore if Sema4A exhibits any physiological roles in the directional guidance of axonal elongation during brain development, overexpression of the constitutively active mutant of R-Ras in cultured hippocampal neurons significantly blocked growth cone collapse induced by Sema4A. Sema4D promotes growth cone collapse in hippocampal neurons by binding to plexin-B1. Upon Sema4D binding, Plexin-B1 through the interaction with Rnd1 enhances the GAP activity toward R-Ras, leading to the downregulation of R-Ras/integrin pathway and thus to the decrease in the adhesion of growth cones to extracellular matrices (8, 9, 22) . It is therefore possible that Sema4A also promotes growth cone collapse of cultured hippocampal neurons by stimulating R-Ras GAP activities through B-type plexins. Recent studies investigating the roles of semaphorins revealed not only the crucial involvements of each semaphorin in axon guidance but also in the ligand-receptor interactions between semaphorins and plexins essential for neural development (21) (22) (23) (24) (25) . Plexin-B2 is not only a crucial component of neural tube development but also a key molecule that directs proliferation and migration of granule cell precursors in the developing dentate gyrus, olfactory bulb, and cerebellum (21) . The expression pattern, high affinity and specific nature of Sema4C-Plexin-B2 binding and their functional studies consistently propose Sema4C as a true ligand for Plexin-B2 (21) . Plexin-B3 has been reported to interact in vitro with a member of class 5 semaphorins, Sema5A (23) . The analysis of Plexin-B1 knockout mice has shown that Plexin-B1 is integral for gonadotropin hormonereleasing hormone-1 (GnRH-1) cells to migrate from olfactory placode to hypothalamic areas (24) . Sema4D promotes directional migration in immortalized GnRH-1 neurons by coupling Plexin-B1 with activation of the Met tyrosine kinase (24) . However, because of the failure to detect migratory defects of GnRH-1 neurons in Sema4D-deficient mice, the reality of the semaphorin ligand controlling the migration of GnRH-1 cells remains controversial (24) . This raises the possibility that many semaphorins including Sema4D and Sema4A function in concert to regulate the migration of GnRH-1 cells in vivo. Analysis of Sema4A-deficient mice revealed the non-redundant roles of Sema4A in the developmental path of retinal photoreceptor cells, although the receptors involved have not yet been clarified (25) . For these reasons, Sema4A may play a crucial role in the development of the neural system through the interaction with B-type plexins in concert with other semaphorin members.
In summary, our study showed that the binding of Sema4A to Plexin-B1, -B2 or -B3 in vitro leads to the B-type plexinmediated contraction of COS-7 cells through Rnd1. Our study further demonstrated that Sema4A promotes growth cone collapses of mouse hippocampal neurons through the downregulation of R-Ras activity. Our results therefore suggest the crucial involvement of Sema4A in the growth cone guidance through the activation of B-type plexin-mediated signaling in developing neurons.
